• A comprehensive kinetic model was developed for the description of the sorption of CO 2 and H 2 O.
Introduction
Sorption-enhanced water-gas shift is a promising process based on in-situ CO 2 capture during the water-gas shift reaction. Potassiumpromoted hydrotalcite-based sorbents have been investigated extensively as suitable sorbents owing to their low costs, chemical and mechanical stability, sufficiently fast adsorption kinetics and reasonable cyclic working capacity [1] [2] [3] [4] [5] [6] [7] . Various authors [8] [9] [10] [11] [12] have tried to explain the complex adsorption behavior on hydrotalcite-based adsorbents by proposing different chemical phases and reaction pathways.
The understanding of the adsorption behavior is hampered by the fact that in-situ characterizations are required under relatively high temperature and pressure to investigate the adsorption phenomena under representative conditions. Despite the large research interest in the performance and behavior of hydrotalcite-based sorbents, accompanied with many experimental studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , an adequate adsorption model that quantitatively describes not only the isotherm, but also the kinetics of the physisorption and chemisorption of CO 2 and H 2 O and their mixtures on various adsorption sites is not yet available in the literature, and is the objective of this paper. A comprehensive adsorption kinetics model is a prerequisite for detailed modelling of the adsorption columns and a rational design and optimization of the various cycles the adsorption process.
Various authors have proposed different types of models to describe the adsorption behavior of potassium-promoted sorbents, which can be classified in two different types of models. In various publications, the linear driving force model (LDF) was used, assuming that the intraparticle mass transfer is limiting the adsorption and desorption process of the hydrotalcite (HTC)-based sorbent [6, [13] [14] [15] [16] . To predict the equilibrium adsorption capacity often a Langmuir or modified Langmuir expression for CO 2 and a Freundlich isotherm for H 2 O were proposed for HTC-based adsorbents. In general, limited knowledge is available on H 2 O adsorption on this type of sorbents.
A kinetic model to predict the adsorption and desorption rate of CO 2 was presented in the literature to predict the long-term adsorption behavior at various operating temperatures [17, 18] . To predict the adsorption behavior in the temperature range between 300 and 500°C, a model with 21 parameters involving 5 different adsorption sites/ phases was proposed. Recently, a kinetic model was presented using an Elovich-type expression to predict the adsorption and desorption kinetics at various temperatures and pressures, which was able to describe the cyclic behavior of CO 2 [19] .
In our previous work on CO 2 and H 2 O on a HTC-based adsorbent it was shown that the desorption kinetics are very important, as they will determine the cyclic working capacity of the material for both CO 2 and H 2 O [20] . A model was developed to predict the cyclic working capacity of the sorbent identifying different adsorption sites, where their capacity may vary for different conditions and for different sorbents (composition of the sorbent) [21, 22] . Two independent adsorptions sites (one for CO 2 and one for H 2 O) and one exchange site (which can adsorb both CO 2 and H 2 O, where one sorbate specie will replace the other sorbate in case of a change in partial pressure), were identified. One additional site was required to model the mass changes during the different cyclic experiments [21] but is not a different physical adsorption site [22] . It accounts first, for the increase in adsorption capacity for a feed of CO 2 and H 2 O together and second for the effect of time in the different experiments. Thus, for experiments involving more steps the sorbent can release more CO 2 simply because of the longer time available for regeneration. Modeling cyclic adsorption behavior with a kinetic model does not required necessarily a fourth adsorption site. The effect of increasing CO 2 adsorption capacity for a feed of CO 2 and H 2 O was incorporated in the exchanges site (Site C) in this publication. This replacement effect for CO 2 and H 2 O is particularly important when the regeneration of the HTC-sorbent is carried with steam. The aim of this work is the development of a kinetic model accounting for the three different adsorption sites, based on a combination of the Langeren model with an Elovich-type expression to account for the heterogeneity in the basicity of the surface sites.
The paper is outlined as follows. In the first part the experimental study is shortly outlined, and the kinetic model approach is explained and the equations used to describe the complex sorption characteristics of a potassium-promoted sorbent at various experimental conditions are elucidated. Subsequently, the adequacy of the description of various experimental results by the developed kinetic model is discussed in three sections. In the first two sections the sorption of single sorbate species, CO 2 and H 2 O respectively, at various experimental conditions is described. In the third part cycles containing CO 2 or H 2 O and experiments with mixtures of both sorbate species are discussed and compared to the predicted mass changes of the kinetic model. 2. Materials and methods:
Experimental
A potassium-promoted hydrotalcite-based adsorbent with a Mg/Al ratio of 0.54 and a potassium loading of approximately 20 wt% (Sasol Germany), was used in the experiments and will be further denoted as KMG30. Powder with a mean diameter of approx. 40 µm and pellets with diameter of ∼1-2 mm were tested using with TGA (thermogravimetric analysis). Experiments were performed using an in-housed designed setup for operation up to 10 bar, which was described in detail in a previous publication [21] . Mass transfer limitation tests and isotherm measurements were performed according to the conditions listed in Table 1 for both sorbate species H 2 O and CO 2 up to 9 bar total pressure.
Isotherm measurements were performed with a fresh sample. The sample was pretreated at 600°C for 2 h under N 2 prior to measurement. After cool-down to 400°C in N 2 , five consecutive adsorption/desorption cycles were performed at one partial pressure. Afterwards the partial pressure was increased or decreased, depending on the experiment and the next five cycles were performed. All TGA experiments were corrected with blank measurements.
The adsorption isotherm for H 2 O was measured in a similar manner at 400°C, where again five cycles were used for each selected partial pressure.
The reaction enthalpy for the adsorption of CO 2 on the adsorbent was measured with TGA-DSC. A Netsch STA 449 F1 TGA-DSC analyzer with 40 ml/min of N 2 during desorption and 20 ml/min of CO 2 during adsorption was used to determine the adsorption enthalpy of CO 2 . The used sample mass was about 10-30 mg. Three adsorption/desorption cycles (each cycle was 60 min) were carried out at three different temperatures, viz. 500, 400 and 300°C, respectively. First, the sample was heated to 600°C in N 2 and was kept at isothermal conditions for two hours, as a pretreatment prior to adsorption. This pretreatment procedure was repeated prior to every cyclic measurement to desorb CO 2 that was adsorbed during earlier experiments. To correct the determined weight and measured DCS data, a blank measurement was carried out. The same experimental procedure was used as for the experiments containing a sample. The determined blank data was subtracted from the experimental data to correct for differences in gas flow rates and heat capacities of the used gases.
BET measurements were performed with a Thermofischer Surfer with liquid N 2 at −196°C using about 0.1 g of sorbent material. Samples were degassed at 400°C under vacuum conditions for 2 h prior to the measurements. (if CO 2 is fed first) are both filled, which has been proposed in an earlier publication [21] ; ▪ A pretreatment after an adsorption experiment can also remove CO 2 and H 2 O adsorbed on site C; ▪ Slow formation of (most probably) bulk carbonate species (which also release CO 2 when the temperature is increased to 873 K) is taken into account, as this affects the steady state cyclic working capacity (although very moderately). (4), where k is the Freundlich constant (mol/kg) and n the adsorption intensity. The constant k is an approximate indicator of the adsorption capacity and n is related to the strength of the adsorption in the adsorption process [23] . The accuracy of the description of the adsorption isotherm by the Freundlich equation can be shown by plotting log(q e ) as a function of log(P) and
showing that the resulting experimental data can be fitted with a straight line [23] . Whereas for site A we can directly plot the determined adsorption capacity for H 2 O, for CO 2 we have to use the cyclic working capacity because of the formation of bulk carbonates [24] . When using the cyclic working capacities, the formation and desorption of bulk carbonates cancel each other out. For both sorbate species 
The adsorption rate constant k ads can be expressed with an Arrhenius equation, where k 0 presents the pre-exponential or frequency factor and E a the activation energy according to Equation 5 . (Note that we have written the equation in terms of site A; a similar expression holds for site B).
In-situ IR experiments have revealed that sites of different basic strength are responsible for the slow desorption kinetics [25] . The Elovich equation has been proposed in the literature to model chemisorption, where the activation energy of adsorption or desorption is a function of the surface coverage of the sorbent. Various researchers have used an Elovich type expression to model adsorption of different sorbates onto solid sorbents with heterogeneous surfaces [19, 26, 27] . According to the Elovich equation, the activation energy changes linearly with the surface coverage according to Equation 6.
However, to describe the desorption rate the Elovich equation needs to be slightly modified. During the desorption process, the desorption of CO 2 and H 2 O that is weakly bond on the surface, i.e. with a rather small activation energy, takes place first, and the activation energy increases when the surface coverage decreases. Therefore, Eq. (5) is rewritten such that E a 0 represents the activation energy of desorption for a maximally covered surface site, which will be denoted therefore as E a 1 , and the activation energy will decrease with increasing surface loading, i.e. the sign for the term containing β is negative, yielding Eq. (7).
In this way the activation energy is lowest for q/q max equal to 1 (surface site maximally covered). Note that β should be smaller than E a 1 , since the activation energy should be positive for any exothermic adsorption process. Equation 7 was applied accordingly for the desorption of both H 2 O from site A and CO 2 from site B. The maximum possible surface coverage was estimated (c.q. assumed) with the maximum surface loading at a sorbate pressure of 20 bar, which limits the applicability of the model to a maximum pressure of 20 bar. For the sake of completeness, it is noted that the Elovich equation was not needed to describe the experimentally observed adsorption rates.
To ease the fitting procedure, the activation energy has been included in the pre-exponential factor (Eq. (8)). The desorption constants were first fitted for experiments at the same temperature and subsequently the activation energy was determined from the fitted desorption constants at different temperatures.
The measured adsorption profiles for CO 2 and H 2 O are quite different. Whereas for H 2 O adsorption, the adsorption equilibrium is established very quickly and the H 2 O loading remains constant, for CO 2 a continuous slow adsorption is observed after the initial fast adsorption, and this becomes important especially for long adsorption times [28] . This slow adsorption was attributed to the formation of some bulk carbonates during the adsorption step followed by migration of surface carbonates into the bulk of the material. During a subsequent desorption step, and depending on the experimental conditions, the bulk carbonates can migrate back to the surface followed by CO 2 desorption. Detailed modeling of the surface reactions and diffusion into the bulk (e.g. via Fick's second law of diffusion) requires much more detailed insight in the prevailing phenomena and would also largely further complicate the model and was considered outside the scope of this work. Here, a simplified approach was taken to account for the reversible formation of bulk carbonates, assuming that the amount of bulk carbonates increases due to intra-particle diffusion proportionally with the square-root of time [29] :
And correspondingly, its derivative with respect to time as where the ½ can be included in the kinetic constant
This time dependency corresponds to the diffusion flux according to the penetration theory, where we assume that a certain fraction of the adsorbed CO 2 is responsible for bulk carbonate formation and that the concentration profile starts with a flat profile during every adsorption/ desorption step. Thus, the reversible formation of bulk carbonates is modelled with Eq. (11).
Exchange site for CO 2 and H 2 O (site C)
After careful analysis of experimental data presented later in this publication, site C was modeled according to Eqs. (12) and (13) . The first part of the equation (in red) describes the adsorption of CO 2 and H 2 O on site C, while assuring that the total capacity of site C is the same for both CO 2 and H 2 O. The second part of the equation (in black) describes the exchange between CO 2 and H 2 O depending on the partial pressure of the sorbate. Hence, e.g. only a site already covered with CO 2 can be replaced by H 2 O and vice versa. The last part of the equation (in blue) accounts for desorption of both CO 2 and H 2 O from site C upon thermal treatment. Like site A and B, the Elovich-type expression is used to account for site heterogeneity (Eq. (14)). From the experiments, it was deduced that the rate of replacement does not dependent on the sorbate partial pressure. To make sure that the exchange only takes place if the partial pressure of the exchanging sorbate exceeds 0, we have included the partial pressure of the sorbate in the equation with the exponent m set at a very small number (h.l. 10
), so that this factor does not affect the rate and acts only as a numerical approximation of the Heaviside function. 
The maximum sorbate loading of site C was assumed to be constant, since site A and B account for a pressure increase for experiments with only one sorbate species.
Results and discussion
The result and discussion section is outlined as follows. We start by showing that mass transfer limitations (both internal and external) do not influence the adsorption and desorption kinetics measured with TGA. Subsequently, we discuss the experimental results and the performance of the developed kinetic model for the adsorption of CO 2 and H 2 O when fed separately, where mainly the introduced adsorption sites A and B participate in the reversible chemisorption of CO 2 and H 2 O in the cyclic steady state. Then, we continue by presenting the experimental and modelling results in case gas mixtures containing both CO 2 and H 2 O are fed, as well as cases with complex sequences of different cycles containing CO 2 or H 2 O, for different partial pressures of CO 2 and H 2 O at 400°C. In the last part of this work we present a short overview on the performance of the model to describe the adsorption behavior at different temperatures.
Mass transfer limitations study
Mass transfer limitation studies were performed to confirm the absence of external (insufficient fast supply of sorbate to the sorbent) or internal mass-transfer limitations (diffusion limitations due to a large particle diameter) in the TGA experiments. It was found that external mass transfer limitations can be excluded at the used gas flow rates in the experiments, since a significant increase in the gas flow rate lead to the same kinetic behavior. Even for the adsorption, which is in general very fast rendering the determination of the rate constants of adsorption with high accuracy difficult, we could conclude from the experiments that the adsorption and desorption rates remained unaffected when either the sorbent pellets (1-2 mm diameter) or sorbent powder (around 40 µm diameter) were used. However, the total adsorption capacity was found to be smaller for the powder samples. Therefore, BET and pore size analyses were carried out to study the surface area and pore volume. It was observed, that the surface area and pore volume are smaller for the powder samples compared to the pellets. The increase in cyclic working capacity was about 12-20% where the increase in pore volume and surface area was significant smaller (3-6%). Even we could not find a linear correlation between surface area and CO 2 adsorption capacity it can still explain the observed difference in total capacity. Additional aspects such as nature of the available basic sites and formation of bulk carbonates will also affect the total adsorption capacity. The experimental results of TGA and BET analysis can be found in the Supplementary Material.
Model for heterogeneous surfaces

Legend explanation
Before presenting and discussing the performance of the model to describe the adsorption and desorption cycles, first a few notes on the presentation of the results. The experimental and modelling results will be shown in the same graph in terms of the normalized weight (mg/g) versus time (left y-axis) and the loading of the different adsorptions sites (mol/kg) versus time (right y-axis). Above the graphs information about the feed conditions are indicated, using the legend displayed in Fig. 1 . The color of the bar indicates to which gases the sorbent was exposed in that step, while the length of the bar indicates the duration of each step and corresponds to the x-axis in each figure. If not specified, the temperature was kept constant during the experiment.
Parameter estimation and definitions
The experimental data obtained from the TGA experiments was imported to different MS-Excel spreadsheets with a resolution of 1 data point every 2 s. For some experiments, a lower resolution of 1 data point every 5 s was used (Experiment 3 and Experiment 9, from Table 1 ). The differential equations were described with the explicit Euler method using the same step size as the temporal resolution of the experimental data. In every Excel spreadsheet, the earlier introduced equations for the different adsorption sites were implemented. As final output, the weight change (mg/g) was calculated and compared to the actually measured weight change during the TGA experiments. The SSE (sum of squared residuals) has been calculated and used as an optimization criterion to determine the best fit between the model and the experiments:
The root mean squared errors (RMSE) is usually used to quantify the performance of point estimates and has been calculated according to Eq. (15) [30] . The RMSE accounts for the number of measuring points that have been used and therefore for the length of the experiment. Minimizing the SSE for different experiments with different reaction times would result in a larger SSE, leading to a pseudo-false weight of the experiments with more measurement points. Therefore, the best fit between experiment and model was determined by optimization of the RMSE if more than one experiment was optimized simultaneously
3.2.3. CO 2 adsorption on a fresh sorbent First, the model capabilities for CO 2 adsorption on a fresh sorbent was investigated. Different experiments were used to determine the model parameters (see Table 1 ), where the capacity of adsorption site C was fixed at a constant value. In earlier reports [21] , we determined the capacity of site C at 0.416 mol/kg (using a 30 min half-cycle time at 400°C and P CO2 = 0.66 bar), and this value has been taken in this work.
The adsorption experiments carried out at 400°C for different CO 2 partial pressures are shown in Fig. 2a (for decreasing partial pressure) and Fig. 2b (for increasing partial pressure) . These experiments were used to determine the parameters of the CO 2 Freundlich-equation and hence the equilibrium adsorption capacity as a function of the CO 2 partial pressure, but also for the description of the rate of bulk carbonate formation.
From Fig. 2a and b it can be deduced that the formed bulk carbonate decomposes when the partial pressure of CO 2 is lowered and sufficient time for desorption is provided (c.q. over different cycles). The developed kinetic model can very well describe these experimental observations, so that it can be concluded that the equations used in the modelling of the rate of bulk carbonate formation and the modified Elovich equation to account for site heterogeneity during the desorption provide an adequate description. Results for longer adsorption and desorption cycles are plotted in Fig. 2c and d . It can be seen that in Fig. 2d , at the end of the experiment, a pretreatment step (heat up to 600°C) was carried out which shows CO 2 also desorbs from site C at higher temperatures. The activation energies for the different kinetic parameters for bulk carbonate formation and adsorption site C were determined from the parameters determined separately at different temperatures. The kinetic constant for site B was kept constant because basically no CO 2 remains on this adsorption site after 300 min desorption in N 2 at 400°C. These two experiments ( Fig. 2c and d) are important to determine the Elovich parameter for site C, β C , because only Fig. 1 . Explanation of the legends in the figures used for the comparison of the experimental and simulation results with the developed kinetic model. The partial pressure of each sorbate specie in the feed is also specified.
for very long half-cycle times the CO 2 desorption from site C becomes important. Using a small desorption constant without the modified Elovich equation would result in an almost linear weight loss, which would not adequately describe these experiments with long cycle times.
The change in activation energy modelled with the modified Elovich equation for the desorption of CO 2 is shown in Fig. 2e and f for an experiment with a constant adsorption/desorption time of 60 min at 400°C, showing that the change in activation energy within one cycle is Fig. 2 . a) Experimental and model results for CO 2 adsorption at 400°C (30 min each step, with decreasing partial pressures between 1 and 0.1 bar at atmospheric pressure); b) Experimental and model results for CO 2 adsorption at 400°C (30 min each step, with increasing partial pressures between 0.1 and 1 bar at atmospheric pressure); c) Experimental and model results for CO 2 adsorption (P CO2 = 1 bar) at 400°C (30 min, 60 min, 120 min) each followed by a desorption step in N 2 of 300 min (with site loadings on the right y-axis); d) Experimental and model results for CO 2 adsorption (P CO2 = 1 bar) at 400°C (300 min, each followed by a desorption step in N 2 of 300 min. At the end of the experiment, the temperature was raised to 600°C (dark grey bar in top x-axis); e) Experimental and model results for CO 2 adsorption (P CO2 = 1 bar) at 400°C (60 min) each followed by a desorption step in N 2 of 60 min; f) Change in activation energy for CO 2 desorption modelled with the Elovich equation for the experiment in e. about 30 kJ/mol for site B and about 10 kJ/mol for site C. The adsorption enthalpy determined by TGA-DSC varied between 105 and 136 kJ/mol at 400°C (see Supplementary Material), which is in agreement with the values reported in the literature for a similar sorbent material [19] .
In general, the developed model can describe all the shown experiments quite accurately. However, especially the description of the first cycle can be improved somewhat by using the Elovich equation for site C. This indicates that the heterogeneous surface also may influence the rate of adsorption. Zhu et al. used the Elovich equation to describe the adsorption kinetics of CO 2 on potassium-promoted hydrotalcites [19] . Since the description of the cyclic adsorption / desorption was not improved significantly, we did not use the Elovich equation for the adsorption.
The model parameters determined by minimization of the overall RSME can be found in Table 2 . To study the influence of the experiments on the model parameter estimation certain parameters were determined additionally by minimization of the SSE for each experiment separately. In this way, we studied the influence of the material history (since the experiments are different). Note that we can only apply this method to the parameters which really change between different experiments. For example, experiments with one single partial pressure of CO 2 cannot be used to determine the Freundlich parameters for the CO 2 adsorption isotherm and have been excluded from the optimization procedure.
It can be concluded, that the model parameters deviate quite significantly depending on the experiment, which shows that the history of the sorbent will always have an influence its kinetic behavior. Therefore, the parameters fitted to the experimental data may be slightly different for the same sorbent with a different history (treatment). The developed model and the determined model parameters can be refined by performing experiments a steady state condition close to operating conditions of a real absorber column. Refining the model parameters for a steady state operation would probably results in a very good description of the process condition but could probably not describe the behavior of the absorber column deviating from process conditions (e.g. startup and shutdown). The parameters for site C have been kept constant as they do not affect the description of the experiments with one sorbate, but are required to describe the experiments were H 2 O and CO 2 are both involved, which are discussed later. Fig. 3 shows that the description of the experiments could be significantly improved by using the parameters obtained by the individual fitting, as indicated by a lower RMSE value.
H 2 O adsorption on a fresh sorbent
The model parameters for H 2 O adsorption were determined in a similar way as for CO 2 . The weight change measured by TGA and the weight change predicted by the kinetic model are plotted in Fig. 4 . It can be seen that the adsorption equilibria are established very quickly for H 2 O in comparison to CO 2 [24] . The experiments with a different half-cycle time (Fig. 4a) and the experiments with different partial pressures of H 2 O (Fig. 4b) can be described very well with the kinetic model. The small discrepancies between the model results and the initial part of the experiment with a longer half-cycle time are related to the desorption of bulk carbonates. The weight is slightly decreasing during the first cycles (see Fig. 4a and c) caused by the decomposition of carbonate species which was reported earlier [28, 31] and this cannot be predicted by the kinetic model since it was assumed that the sorbent surface is free of CO 2 at the beginning of every experiment.
Since we focused on the steady state description, the model can describe later cycles more accurately. The activation energy change within a 60 min cycle is plotted in Fig. 4d , which is around 20 kJ/mol and slightly smaller compared to the activation energy for desorption of CO 2 .
Desorption of H 2 O from adsorption site C is even smaller compared to CO 2 and is only visible for experiments with a very long cycle time (Fig. 4b ). The estimated model parameters are provided in Table 3 . The standard deviation for the model parameters is much smaller for k A,des and β A compared to k A,ads. Since desorption is a much slower process, these parameters can be determined more accurately.
The accuracy in the determination of the adsorption kinetic parameters is less, since adsorption is much faster and therefore the influence of any change in k A,ads is much smaller on the RMSE. The differences between individual optimization and optimization for all experiments with the same parameters are plotted in Fig. 5 . Individual optimization of each experiment does not have a major influence on the RMSE. This shows that the chosen methodology can very well describe the experiments and that the history of the material (different experimental conditions) is less important regarding the kinetic behavior of H 2 O compared to CO 2 .
CO 2 and H 2 O adsorption on a sorbent (steam effects)
To describe several experiments (involving different sequences of sorbate mixtures) with the developed kinetic model we have combined experimental data at pseudo-steady state (usually the last two cycles out of 5) into one dataset. The replacement constants k C,rep1 and k C,rep2 were determined by minimization of the RSME. As we have reported earlier [21] the capacity of the sorbent seems to increase if CO 2 and H 2 O are both fed in one single step. In this case a second capacity for this adsorption site needs to be defined after the sorbent is exposed to CO 2 and H 2 O in one step. We refer to q Cmax1 as the maximum sorption capacity of site C if the sorbent was not exposed to CO 2 and H 2 O yet (t < 28000 s in Fig. 6 ). For t > 28000 s, q Cmax2 was used to account for the increase in sorption capacity of site C. Site loadings of the different sorption sites and the predicted weight change by the kinetic model at 400°C and a partial pressure of CO 2 (0.66 bar) and H 2 O (0.34 bar) are plotted in Fig. 6 . It can be observed that the kinetic model can describe the weight change quite reasonably. Some deviations can be expected since it was assumed that the kinetic parameters for adsorption sites A and B do not change compared to the experiments with one single sorbate specie (previous paragraphs). It can be seen in Fig. 6b that 30 min of each experiment in the sequence is not sufficient to desorb all the CO 2 or H 2 O from the adsorption sites A and B. From Fig. 6c , when both CO 2 and H 2 O are fed to the sorbent, respectively more CO 2 (∼0.31 mol/kg) will be adsorbed on site C than H 2 O (∼0.17 mol/kg). Hence CO 2 seem to have a higher affinity to adsorb on site C than H 2 O. The capacity of site C increases around 15% from 0.416 (q Cmax1 ) to 0.476 mol/kg (q Cmax2 ). Note that for the SEWGS process with steam regeneration, the higher sorption capacity for site C can be used, as steam is present during both regeneration and adsorption phases.
TGA experiments with different CO 2 and H 2 O partial pressures were conducted and compared to the results predicted by the kinetic model. From experiments with a variation in partial pressure, a poorer description of the experiments was observed. Therefore, the assumption of a constant capacity for site C does not seem to hold always for all different experiments (e.g. different partial pressures of CO 2 and H 2 O if both CO 2 and H 2 O are involved within one experiment).
Optimization of the RMSE for each experiment by changing the capacity parameters q Cmax1 and q Cmax2 result in a much better description of the experiments by the kinetic model. The experimental results and the model description at different sorbate partial pressures are plotted in the Appendix (Fig. 6 ). Table 4 shows the variation of the maximum capacity of site C determined for different sorbate pressures. For lower CO 2 and H 2 O partial pressures, the capacity of the adsorption site is reduced. Especially a low H 2 O partial pressure results in a very low capacity (this supports the earlier hypothesis that the capacity of site C is not constant). To improve the developed kinetic model, more experiments are required to determine the capacity of the adsorption site C under different partial pressures, which would allow the determination of the different isotherms for both adsorption sites, improving the accuracy of the model. The maximum sorption capacities q C,max1 and q C,max2 were described according to equation 16 . The constants k C1 , k C2 and n,c were determined by error minimization between the experimental values reported in Table 4 and the predicted values obtained by Equation 16 . The obtained values can be read from Table 5 . For more accuracy in the developed empirical formula, more experiments at different partial pressures would be required.
3.2.6. CO 2 and H 2 O adsorption on a sorbent at 300 and 500°C To study the applicability of the developed kinetic model to an extended temperature range, TGA experiments at 300 and 500°C were conducted. Note that we did not perform the same number of experiments at 300 and 500°C as at 400°C. As at 400°C the sorbent shows the highest cyclic working capacity [21, 22] , the other experiments have been only used as a further application of the model for a wider range of conditions. Fig. 7 shows the description of the experiments with different sequences (P H2O = 0.34 bar, P CO2 = 0.66 bar) for both 300 and 500°C. Single gas experiments with P H2O = 0.34 bar and P CO2 = 1 bar can be found in the Supplementary Material. Because no isotherms were measured at these temperatures, the Freundlich parameters n B and n A were assumed to be identical as at 400°C in this very first approach.
The kinetic model can describe the experimental observations quite adequately. The adsorption capacity of H 2 O on site A is much higher at 300°C compared to the one at 500°C, as was expected (Fig. 7) . The predicted capacity of about 0.2 mol/kg for site C at 500°C is lower than expected, where about 0.3 mol/kg seems to be a realistic value at 300°C. Regarding the complexity of the sorbent behavior and the possible physical and chemical changes in the material, the description of experimental results is still very good. The estimated parameters are tabulated and summarized in Table 6 for all temperatures, from which the activation energy can be determined using Arrhenius plots. The estimated activation energies were about 12 kJ/mol for the adsorption of H 2 O and 210 kJ/mol for the desorption of H 2 O. The estimated activation energy of desorption was smaller for CO 2 with about 40 kJ/mol. This is much smaller than measured by TGA-DSC (Supplementary Material) and reported in the literature [19] . Probably three different temperatures are not sufficient to properly determine the activation energy (which is indicated by the low R 2 value in Table 7 ). Additionally, the heterogeneous nature of the adsorption sites, changes in material properties at different temperature and the influence of β in the activation energy term of the used model can have a major impact on the results. A similar observation can be made concerning some other parameters, like k B,Bulk,ads , K B,Bulk,dis and n B,Bulk . Where usually one would expect that the diffusion constant would increase with temperature, the lowest value was found at 400°C. As can be seen from Table 7 , n B,Bulk is varying strongly as a function of temperature, also showing a minimum at 400°C. This can be explained by inspecting the irreversible weight increase: the largest amount of bulk carbonate was formed at 400°C (cf. Figs. 6a, 7a and d). A low diffusion constant with a high driving force for the formed bulk carbonate can describe the experiments best, which is probably the reason for the obtained minimum at 400°C for k B,Bulk,ads and n B,Bulk . The parameter determining the equilibrium sorption capacity of site A for H 2 O (k A ) decreases with increasing temperature. This is expected since at higher temperature, desorption is enhanced and therefore less H 2 O is adsorbed at equilibrium. On the contrary, for site B the smallest equilibrium capacity of CO 2 is found (k B ) at 400°C. This can be explained by recalling that the total capacity of CO 2 is quite independent of temperature [21, 22] , but that the adsorption capacity of site C is higher at 400°C compared to 300 and 500°C, and that thus the total capacity is compensated by a lower equilibrium capacity for site B at 400°C. To describe the complex adsorption behavior of CO 2 and H 2 O and their interaction with hydrotalcites 19 model parameters were required to adequately describe the experimental results. With more experiments we can refine the developed model in the future and perform a better justification for the different model parameters. Additionally, a statistical analysis can help understanding the interdependence of certain model parameters on the model accuracy. The complexity of the applied adsorption model and the large number of data points, makes a more detailed evalutation on the accuracy of the estimated variables for the transient sorption model not straightforward and computationally quite involved. This is probably the reason why none of the developed kinetic models for CO 2 adsorption published in the literature report a statistic analysis on their estimated parameters [17] [18] [19] 32 ].
Conclusions
We have developed a kinetic model to describe the adsorption and desorption kinetics of CO 2 and H 2 O on a potassium-promoted hydrotalcite-based sorbent at elevated temperatures between 300 and 500°C, including their complex mutual interactions, on the basis of an extensive TGA study. The model includes three adsorption sites, where two sites model the weaker chemisorption of H 2 O (site A) and CO 2 (site B), which can be regenerated easily with N 2 , whereas a third site (site C) accounts for stronger bond CO 2 and H 2 O on the adsorbent, which cannot be regenerated with N 2 and where the adsorption of CO 2 is accompanied with the desorption of H 2 O and vice versa. The exchange between CO 2 and H 2 O depending on the partial pressure of both sorbate species was described with an exchange site where equimolar exchange was assumed. A modified Elovich equation was used to account for the heterogeneous distribution of the basicity of the adsorption sites, and this allowed a quite accurate description of the desorption step. This step is very important because it determines the cyclic working capacity of the adsorbent to a large extent. With the developed kinetic model, the measured weight change in the TGA experiments was described quite adequately for a wide range of temperatures and partial pressures of the sorbates. Note that to our best knowledge this is the first time that the adsorption and desorption of H 2 O on hydrotalcite-based materials is described with a kinetic model. The understanding of H 2 O sorption behavior is very important to predict the breakthrough curves in adsorption columns, since large H 2 O partial pressure gradients can be expected during the adsorption and regeneration cycles. Regarding the complexity of the CO 2 and H 2 O adsorption, the number required of model parameters and therefore also the complexity of the kinetic model is still relatively low compared to other kinetic models presented in the literature [17, 18] . To better validate the developed kinetic model, more experiments at different temperatures and higher partial pressures need to be carried out with to refine the estimated model parameters or to adjust the developed model in this work. In addition, after implementation of the kinetic adsorption model in a adsorption column model, the kinetic model can be validated with packed-bed breakthrough experiments, which can subsequently be used for the optimization of the operation and design the adsorption columns, particularly concerning the design of the regeneration cycles.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.cej.2018.08.175. Table 7 Activation energy of adsorption/desorption determined for different adsorption sites based on Arrhenius plots (Plots can be found i the Supplementary Material). 
